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Single crystalline Si with buried porous layers was utilized as a substrate for the epitaxy of
100-nm-thick Si0.73Ge0.27. Raman spectroscopy revealed that the strain status in SiGe systematically
changes according to the variation in the porosity of the substrate and that the strain relaxation in
SiGe was found to proceed with increasing porosity. Furthermore, Si was found to be tensilely
strained to reduce the compressive strain in SiGe. These results suggest that the appropriate design
of the porosity and the thickness of the thin Si layer on the buried porous layer offers an alternative
way to control strain status in SiGe. © 2007 American Institute of Physics.
DOI: 10.1063/1.2433025
There exists a tremendous interest in strained Si-based
heterostructures for microelectronic device applications.
Various methods have been proposed to fabricate either lo-
cally or globally strained Si with enhanced carrier mobility.
The local compressive strain has been introduced to the Si
channel in field-effect transistors by selective growth of SiGe
source-drain.1 This process-induced technique has been dem-
onstrated in 90 nm strained Si transistors, and is predicted to
be scalable to future miniaturization. On the other hand, glo-
bally strained Si can be fabricated by the epitaxial growth of
Si on a strain-relaxed SiGe virtual substrate. It is well estab-
lished that compositional grading of SiGe is effective in re-
ducing threading dislocations.2 However, this technique re-
quires thick layers with a few micrometers, which has
drawbacks in processing time, self-heating due to the low
thermal conductivity,3 and so on.
To overcome these drawbacks, several approaches have
been made to fabricate thin relaxed SiGe layers, which in-
clude introduction of low-temperature-grown Si buffer prior
to growth of SiGe Refs. 4–6, and the use of ion implanta-
tion before7 or after8 the epitaxial growth of SiGe. The fun-
damental idea is to intentionally provide nucleation sources
of dislocations such as He-filled bubbles8 or point defects
larger than divacancies9 to promote strain relaxation. In ad-
dition, the use of porous Si has been discussed to accommo-
date lattice misfit without dislocations. 10,11 However, no sig-
nificant impact on strain relaxation has been reported, owing
to the nature of the interconnected growth areas.12
In this letter, we report on our attempt to utilize continu-
ous Si thin films with buried porous layers as a substrate for
the epitaxial growth of SiGe. As a result, the systematic
variation of the porosity in the substrate leads to a drastic
change in the strain status of SiGe. The in-plane lattice con-
stant of epitaxially grown SiGe was found to approach that
of unstrained SiGe with increasing porosity.
The porous Si layer was fabricated by electrochemical
anodization of single crystalline Si substrate.13 The starting
material was p+ Si100 with a resistivity of approximately
0.01  cm, and 3-m-thick porous Si layers with different
porosities of 20%, 40%, and 60% were prepared. After an-
odization, thermal annealing under H2 ambient was per-
formed to leave approximately 20-nm thick single crystalline
Si layer free from pores and crystal defects.14 The epitaxial
growth of a 100-nm-thick Si0.73Ge0.27 layer was carried out
using a gas-source molecular beam epitaxy system Airwater
VCE-S2020 at 500 °C. The completed sample structure is
illustrated in Fig. 1. The strain status was investigated by
Raman spectroscopy Tokyo Instruments Nanofinder using
an optical multichannel analyzer with a spectral resolution of
0.96 cm−1.
Figure 2 shows Raman spectra measured with solid
lines and without dotted lines epitaxial growth of SiGe.
The Raman spectrum of unprocessed p-type Si with resistiv-
ity of 1–10  cm is also shown. All the spectra in dotted
lines exhibit a peak around 520 cm−1, which corresponds to
the Si–Si mode in Si. The peak of heavily doped Si is asym-
metric and much broader than that of lightly doped Si, and
shifts to a lower frequency. This can be understood due to the
interference between the discrete phonons and intersubband
transitions since the Fermi level moves into the valence
band.15 On the other hand, the three samples with buried
porous layers exhibit a spectrum with a sharp peak similar
with that of lightly doped Si. This shows that the doping
concentration of the topmost Si layer is reduced the during
formation of the porous layer. After the growth of SiGe,
aElectronic mail: usa@imr.tohoku.ac.jp FIG. 1. Illustration of the sample structure.
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Raman spectra show two peaks coming from the Si–Si
modes in Si and SiGe. Both peaks are seen to shift to lower
frequencies with increasing porosity, which suggests that the
strain status in the heterostructures systematically changes.
Interestingly, tensile strain is introduced in the Si layer after
growing SiGe.
The amount of strain in SiGe was estimated by follow-
ing two methods. At first, the in plane strain 1 was estimated
by the peak position of the Si–Si mode in SiGe, SiGe in
cm−1, using the following linear equation:16
1 = SiGe-520 − 70x/b , 1
where x is the Ge composition in SiGe 0.27 in this case and
b is the coefficient to characterize the strain-induced shift of
optical phonons. Since the Ge composition dependence of b
is not established, b was chosen as −832 cm−1, as reported
for Si.17 Secondly, the in-plane strain in SiGe was estimated
by assuming that the in-plane lattice constant apara is the
same as that of the strained Si layer. This implies that the
SiGe layer is coherently strained to the “expanded” Si sub-
strate. apara can be estimated using the peak position of the
Si–Si mode in Si, Si in cm−1,
apara = aSi1 + Si − 520b  , 2
where aSi is the lattice constant of unstrained Si. The in-
plane strain 2 can then be simply estimated by
2 =
apara − aSiGe
aSiGe
, 3
where aSiGe is the lattice constant of unstrained SiGe.
Figure 3 shows the relationship between 1 and 2 ob-
tained by the three spectra from SiGe on Si with a buried
porous layer in Fig. 2. Although the data from the 20% po-
rosity sample shows a deviation from the dotted line
1=2, the strains estimated by the two methods are in
good agreement. This suggests that the in-plane lattice con-
stant of SiGe is controlled by that of tensilely strained Si. It
approaches that of unstrained SiGe with increasing porosity.
To investigate the uniformity of strains, Raman spectra
were measured for 100 points with 1 m step for three
samples with different porosities. The relationship between
the peak positions of Si–Si modes in Si and SiGe is shown in
Fig. 4 in open circles 60%, crosses 40%, and open
squares 20%. It is noted that the peak positions were ob-
tained by line-shape fitting of the spectra. Interestingly, re-
sults of all the samples follows a straight line with a slope of
around 1.1. This shows that the origin of the fluctuation in
the peak position is not compositional fluctuation in SiGe
but strain fluctuation in Si.18 In addition, the slope, which is
slightly larger than unity, suggests that b of SiGe is slightly
larger than that of Si. This is consistent with a previous
report.19 One may notice that a limited part of the 40%
sample showed exceptionally low wave numbers in the Ra-
man shift, which is even lower than those of the 60% sample.
This would be due to the large nonuniformity in the porosity
of the 40% sample, and the average of many points shows a
systematic trend, which is consistent with Figs. 2 and 3.
The present results clearly showed that the strain status
in SiGe is strongly affected by the presence of the buried
porous layer. Due to the presence in the pores, the top part of
Si is considered to behave like a “sponge.” As a conse-
quence, Si would easily deform when SiGe with a lattice
constant is grown. The strain status in heterostructures is
likely to be determined to minimize the total strain energy.
This implies that the strain status in SiGe can be controlled
by the appropriate design of the porosity and the thickness of
the thin Si layer.
In summary, we performed an epitaxial growth of SiGe
on Si thin film with the buried porous layer with a systematic
variation of the porosity. The difference in the porosity gave
FIG. 2. Raman spectra of SiGe grown on Si with buried porous layers with
different porosities solid lines and substrates without growth of SiGe dot-
ted lines.
FIG. 3. Comparison of in-plane strain in SiGe calculated with two different
methods.
FIG. 4. Correlation between the Raman peak positions of Si–Si optical
modes in SiGe and Si.
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a drastic effect on the strain status both for Si and SiGe, and
the in-plane lattice constant of SiGe was found to approach
that of unstrained SiGe with increasing porosity. Analysis of
Raman spectra suggested that the SiGe layer is pseudomor-
phically grown to match the in plane lattice constant with
that of tensilely strained Si. This suggests that the use of
porous Si is an alternative way to control the strain status in
group-IV heterostructures for potential use in microelec-
tronic devices.
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